Detection and molecular characterisation of a group 16SrIX phytoplasma infecting citrus (Citrus sinensis and C. limon), coffee (Coffea arabica), periwinkle (Catharanthus roseus), and tabebuia (Tabebuia heterophylla) in Puerto Rico Abstract Few studies have determined the presence of phytoplasmas in important crops in Puerto Rico. Disease symptoms resembling those caused by phytoplasmas were observed in pigeon pea (Cajanus cajan), periwinkle (Catharanthus roseus), tabebuia (Tabebuia heterophylla), Spanish lime (Melicoccus bijugatus), ixora (Ixora coccinea), mango (Mangifera indica), cactus (Opuntia spp.), citrus trees (Citrus spp.), and coffee (Coffea arabica). Sixty-two samples from these species were tested using conventional PCR to amplify the 16S rRNA and ribosomal protein genes (rpIVrpsC). Fifty-one percent of the tested samples (corresponding to periwinkle, pigeon pea, citrus, coffee and tabebuia) were positive for phytoplasmas, with amplicons of 0.8 (16S rRNA gene) and 1.2 kb (rpIV-rpsC genes), depending upon primers used in PCRs. For both genetic loci, DNA sequences showed 99 % identity with pigeon pea witches' broom phytoplasma (PPWB). Due to the lack of studies of potential insect vectors, common Auchenorrhyncha species were sweep-collected from pigeon pea and citrus and tested for phytoplasma. Of nine insect genera collected, Empoasca kraemeri (Cicadellidae), Melormenis antillarum (Flatidae), and Colpoptera maculifrons (Issidae) were positive for PPWB based on results from conventional PCR and DNA sequence analysis. The findings indicate that these insects fed upon the aforementioned plant species, ingesting contents of phloem, and may act as potential phytoplasma vectors in the field. These are first reports of PPWB phytoplasma infections in citrus species (C. sinensis and C. limon), coffee, periwinkle and tabebuia, and in insects (E. kraemeri, M. antillarum and C. maculifrons) for Puerto Rico.
In Puerto Rico, witches' broom symptoms were first observed in branches of tabebuia (Tabebuia heterophylla) by Cook (1938) . At that time, the author suggested a virus as the infectious agent. The second phytoplasma-related disease reported was pigeon pea witches' broom (PPWB) (Rodríguez et al. 1998) . The authors identified phytoplasma DNA sequences seemingly unique to the 16S rRNA (16S ribosomal DNA region) associated with PPWB.
Economically important crops in Puerto Rico, such as coffee, mango, Spanish lime, citrus species, pigeon pea, ornamental plants and trees, among others, are currently affected by serious diseases whose causal agents are still poorly understood or unknown. For example, citrus greening, known also as Huanglongbing (HLB) and caused by a bacterium ('Candidatus Liberibacter asiaticus'), was reported causing considerable losses to the citrus industry (Estévez De Jensen et al. 2009 ). Furthermore, in a region of São Paulo, Brazil, orange trees (Citrus sinensis) with HLB characteristic symptoms, were negative for infection by three 'Ca. Liberibacter' species, but were found positive for a phytoplasma highly related with PPWB phytoplasma of group 16SrIX (Teixeira et al. 2008) . These findings make it necessary to investigate the identity, symptomatology, vector association, host range, and impact of diseases of unknown etiology in crops of economic importance in Puerto Rico. Thus, the aims of this work were to identify and molecularly characterise PPWB phytoplasma strains in important crops of Puerto Rico and in potential insect vectors, using 16S rRNA and rplV-rpsC sequences.
A total of 62 plant samples were collected from August 2012 to June 2013 in eight locations, covering diverse agricultural regions of the island of Puerto Rico (Fig. 1) . Each sample was identified according to the following code: plant species, location and number of sample, for example, a pigeon pea sample no. 33 collected in Juana Diaz was identified as PP (JD) 33.
As described by Green et al. (1999) , the total DNA extraction from petioles and leaf midribs was carried out using a modified DNeasy Plant Mini Kit protocol (Qiagen, MD). Finally, the DNA was eluted in 100 μl of Qiagen's AE buffer (pre-warmed to 65°C) and stored at −20°C until required. Total nucleic acid concentration was quantified using an Implen's NanoPhotometer (Implen, CA).
Further, potential insect vectors of the order Hemiptera, suborder Auchenorrhyncha, were collected with a sweep net. Leafhoppers were collected at four locations: Isabela, San Sebastián, Adjuntas and Juana Díaz, Puerto Rico. After insect identification, five individuals from each genus were selected for DNA extraction and phytoplasma detection. Insect genomic DNA extraction was carried out using DNeasy Blood and Tissue Kit (Qiagen, CA), following the manufacturer's instructions.
DNA from plant tissues and insect bodies were used as a template for phytoplasma detection employing direct and nested PCR. Universal phytoplasma-specific primers were used for amplification of 16S rRNA gene sequences; primers used were P1/P7 (direct PCR) (Deng and Hiruki 1991; Schneider et al. 1995) , followed by fU5/rU3 (nested PCR) (Seemüller et al. 1994) . Direct PCR amplification of rp gene sequences was primed by rpL2-F3/rp(1)-R1A (Martini et al. 2007 ). For both, direct and nested PCR amplifications, 38 cycles were conducted in an automated thermal cycler (Mastercycler® Pro S, NY). The AccuPrime High Fidelity Taq DNA polymerase (Invitrogen, CA) was used for the reactions, following the manufacturer's instructions. The PCR conditions followed Adjuntas (Ad): sweet orange, lemon and coffee; 6. Juana Díaz (JD): sweet orange, mandarin and pigeon pea; 7. San Sebastián (SS): sweet orange: 8. Isabela (Is): sweet orange and pigeon pea the protocol described by Seemüller et al. (1994) , with an annealing temperature of 55°C for the 16S rRNA gene and 50°C for the rp sequence amplification (Martini et al. 2007 ). To avoid the PCR inhibition, assays with 0.4 mg/ml of BSA (bovine serum albumin) were carried out when there was no amplification in the samples (Oikarinen et al. 2009 ). Amplicons from direct and nested PCR were purified and sequenced at commercial facilities (Macrogen, MD).
For phylogenetic analyses and sequence comparisons, the 16S rRNA gene was sequenced and assembled using primers fU5/rU3 (contig of 0.8 kb) after the use of P1/P7 primers. DNA sequencing reads were assembled and contigs were edited using BioEdit (version 7.1.9) (Hall 2011) . Multiple sequence alignment based on the MUSCLE function in Guidance® was used to align the 16S rRNA and rp genes (Penn et al. 2010) . For both genes a phylogenetic analysis of nucleotide sequences was conducted employing the maximum likelihood method and Tamura Nei Model with the software package MEGA 6.0 (Molecular Evolutionary Genetics Analysis) (Tamura et al. 2013) .
For nested PCR assays including BSA, no amplicons were obtained from mango, cactus, ixora and Spanish lime samples (Table 1) . These results suggested that the symptoms observed in these plants in the field might be caused by other agents or factors and not by phytoplasmas.
Tabebuia and coffee witches' broom symptoms were observed during 2013 at the UPR Agricultural Research Station in Adjuntas, PR (Figs. 2a, e; Table 1 ). The nested PCR produced amplicons of 0.8 kb in five out of seven samples collected from diseased plants (Fig. 3) . Amplified DNA shared 99 % and 98 % identity with PPWB phytoplasma strain PPWBja from Japan (GenBank accession: HQ423159) and 'Candidatus Phytoplasma phoenicium' strain PwK-CP3 (GenBank accession: JN792516), respectively ( Table 2) Periwinkle and pigeon pea plants showed typical symptoms associated with phytoplasma infection such as phyllody, big bud, virescent flowers, yellowing, little leaves and witches' broom ( Fig. 2 ; Table 1 ). Amplicons of 0.8 kb were obtained using nested PCR (Fig. 3) . DNA sequence analysis of PCR products showed 99 % identity with PPWB phytoplasma belonging to the group 16SrIX (GenBank accession: AF248957) ( Table 2) .
Citrus spp. samples, including those from orange and lemon, showed symptoms similar to citrus HLB disease. Leaves showing chlorosis (yellowing), mottling, deformed and upright leaves were tested for phytoplasma infection ( Fig. 2b ; Table 1 ). Nested PCR assays were carried out for all Citrus spp. samples. Twelve out of 20 samples (60 %) were positive for phytoplasma infection, producing amplicons of 0.8 kb, suggesting the presence of a phytoplasma within the citrus trees. The sequences obtained from PCR amplicons from sweet orange and lemon samples collected at Corozal, Isabela, Juana Díaz and San Sebastián using BLAST showed 99 % identity with PPWB phytoplasma (PPWB) (GenBank accession: AF248957) ( Fig. 3 and Table 2 ). All citrus samples were previously tested for 'Ca. L. asiaticus and americanus' infection by Dr. Consuelo Estévez (pers. Comm. C. Estevez de Jensen, Plant Pathologist, UPR) (Caicedo 2014) . No amplifications were obtained for these samples.
Regarding potential insect vectors, a total of 129 individuals belonging to six families (Cicadellidae, Flatidae, Nogodinidae, Cixiidae, Derbidae and Psyllidae) were collected (Table 3) . Five specimens from each genus were evaluated for phytoplasma infection. E. kraemeri and M. antillarum collected on pigeon pea plants at Juana Díaz and San Sebastián, and C. maculifrons collected near citrus orange at Adjuntas were positive for phytoplasmal infections. All specimens produced amplicons of 0.8 kb in nested PCRs. No amplifications were obtained using DNA of other insects specimens examined. PCR products were sequenced and analysed by BLAST. DNA sequences from all three insect specimens showed 99 % identity with PPWB phytoplasma belonging to 16SrIX group (GenBank Accessions: AF248957 and HQ423159) confirming E. kraemeri, M. antillarum and C. maculifrons as carriers and potential vectors of PPWB phytoplasma.
Phylogenetic trees were constructed using complete sequences of 16S rRNA gene from various samples (Fig. 4) .
In addition, DNA sequences from representative phytoplasma strains belonging to different groups or clades obtained from GenBank were included in phylogenetic analysis. A phylogenetic tree generated by MEGA showed that all phytoplasma samples detected in periwinkle, citrus species, pigeon pea, tabebuia, coffee and in insects, were clustered with other members of 16SrIX group (Martini et al. 2007) (Fig. 4) . Specifically, the phytoplasma detected in symptomatic tabebuia samples and the phytoplasma found in the leafhopper, E. kraemeri, formed one subclade within the IX group clade (Fig. 4a) . Also, the sequence of C. maculifrons and the sequences belonging to periwinkle yellowing (Ma) 7 and tabebuia (Ma) 3 formed another subclade within the IX group clade (Fig. 4a) .
Further, a phylogenetic tree was constructed with sequences of rpIV-rpsC genes from four symptomatic plants (Fig. 4b) . This figure shows the position and consistency of grouping for our sequences in the rplV and rpsC phylogenetic tree for the 16Sr IX group of phytoplasmas. According to Harrison et al. (2001) , based on analysis of ribosomal protein gene sequences (Fig. 4b) , we identified differences distinguishing PPWB phytoplasma strains in Puerto Rico from strains in Jamaica and Florida.
Currently, there are some reports about PPWB phytoplasma infecting several important crops and plant species different from pigeon pea. These plants species included citrus (Teixeira et al. 2008) , Gliricidia sepium (Kenyon et al. 1998) , phlox (Madhupriya and Khurana 2013) , toria oilseed (Azadvar et al. 2009 ) and periwinkle (Barros TSL 2009) . These findings suggest that the host range for this microorganism is very broad, causing similar symptoms in different plant species. In Puerto Rico, Licha (1980) reported a phytoplasma in pigeon pea plants and observed MLOs (viz., phytoplasmas) in ultrathin sections of petioles from pigeon pea severely affected with witches' broom disease and bushy canopy.
In coffee and tabebuia, witches' broom was a common symptom found in numerous observations in the fields in Puerto Rico, where these plants are cultivated. In the literature this symptomatology is described as the interference of phytoplasmas causing an alteration of the balance of nutrients and the alteration of protein and auxin synthesis (De Oliveira et al. 2002) , which in turn results in stunting and proliferations in maize. However, in coffee and tabebuia, phytoplasma detection is difficult because the presence of high levels of phenolic compounds and polysaccharides can inhibit enzymes used in PCR (Osman and Rowhani 2006) . In our work, to avoid the difficulties above mentioned for both plant species we used the CTAB procedure followed by Qiagen method. In Puerto Rico, there is no information about the incidence of these symptoms in coffee and tabebuia. Also, our results differed from findings reported by Mafia et al. (2007) in Brazil for tabebuia, and Galvis et al. (2007) 
in Colombia for coffee, in w h i c h t h e s e s y m p t o m s a r e c a u s e d b y ' C a .
Phytoplasma aurantifolia' and a phytoplasma related to X-Disease phytoplasma, respectively.
Periwinkle is a common indicator plant for phytoplasmas (Marcone et al. 1997) . In Puerto Rico, this plant is commonly used in private gardens as an ornamental plant. In tropical areas, periwinkle plants may serve as a natural reservoir for this pathogen, spreading the disease to other plant species of economic importance, such as citrus trees (Barbosa et al. 2012 ), although we did not observe on symptomatic periwinkle plants leafhoppers that could be potential insect vectors. Circumstantial evidence suggests that PPWB phytoplasma in several plant species has emerged as a significant problem in South and Central America (Kenyon et al. 1998; Teixeira et al. 2008) , and this microorganism can be spread to neighbouring countries. However, these perceptions may be a result of the recent increase of PPWB cases worldwide, and can be attributed, in many instances, to the infection of other microorganisms (such as virus, bacteria and spiroplasmas) different from phytoplasmas (Chen et al. 2008) . Similarly, using direct and nested PCR assays, the presence of phytoplasmas was confirmed for most symptomatic sweet orange samples showing severe blotchy and mottling of leaves. Our findings agree with reports from Brazil, where 89 % of symptomatic sweet orange trees examined from 16 municipalities in the state of São Paulo were positive for phytoplasmas belonging to 16SrIX-PPWB group (Teixeira et al. 2008) . Similar results were also reported from Citrus spp. (mandarin, sweet orange and pomelo) showing HLBlike symptoms (leaf yellowing and mottling) in six localities of Guangdong Province, China, during a survey conducted from October 2006 to 2007 (Chen et al. 2008) . Worldwide, the citrus HLB disease has caused serious field and economic losses (30-100 % of losses) in orange, lemon and tangerine plantations (Bové 2006) . In Juana Díaz-Puerto Rico, Estévez de Jensen et al. (2009) reported for the first time the presence of 'Candidatus Liberibacter asiaticus' causing symptoms like HLB in lemon and orange trees. However, for the first time in Puerto Rico this paper reports PPWB phytoplasma associated with symptoms, characteristic of HLB disease, in orange trees and lemon. These findings deserve further investigation, for example, to complete the molecular characterisation of this phytoplasma and to describe its relationship with C. maculifrons in the field.
We detected the presence of phytoplasma in three insect species: E. kraemeri, M. antillarum and C. maculifrons. To our knowledge M. antillarum and C. maculifrons (an endemic insect species on the island according to reports of Martorell (1976) are new records as potential candidate vectors of phytoplasmas and specifically as carriers of PPWB phytoplasma around the world.
The grouping of our sequences within the 16SrIX clade indicated that all samples tested were infected by phytoplasma strains related to one another. In the phylogenetic analysis, the branch lengths showed a proportional number of inferred character state transformations (revealing several mutations) (Martini et al. 2007 ). However, we recognised subclades within the same group that revealed relationships between insects and plant samples; specifically, these subclades can possibly explain the spread of this microorganism to other hosts (Fig. 4a) . Furthermore, the tree constructed with the sequences from the rplVand rpsC genes had a similar topology as that of the 16S rRNA tree.
In conclusion, we have identified and characterised PPWB in new hosts, coffee and tabebuia, and we report PPWB phytoplasma for the first time in citrus and periwinkle in Puerto Rico. In addition, we have shown that E. kraemeri, M. antillarum and C. maculifrons may be potential vectors of PPWB phytoplasma. The presence of PPWB phytoplasma in C. maculifrons is a new report for Puerto Rico and worldwide as a possible insect vector of phytoplasma, specifically of PPWB. Transmission assays are needed to confirm their role as vectors in phytoplasma disease cycles in pigeon pea and citrus plants.
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